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ABSTRACT:

The molecular weight effect on the local motion of polystyrene (PS) was cxamined in dilute solutions by

the fluorescence depolarization method. l'our PS samples with the fluorescent probe, anthryl group, in the middle of the main
chain were synthesized by the living anionic polymerization, The molecular weight of samples varied from ca. 6.4 x 10* to
9.2 % 10* Solvents were benzene, a good solvent and cihyl acclale, a poor solvent, in both solvents, the rclaxation time
increased with the molecular weight up to MW =10* at which it rcached an asymptotic value. The activation energies were
also cstimated from the temperature dependence of the relaxation time, and 1ts molecular weighl dependence appeared o be
similar to that of the relaxation tme. Tl was suggesied that the relaxation time of the local motion is determined by the
potential for the conformational transition of main chain bonds, rather than by the segment density. Finally, the molecular
weight effect on the relaxation time for P8 was compared with that for poly(oxyethylene) (POFE). The resulis showed that PS

is dynamically stiffer than POE.
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The flexible polymer chain in dilule solution has
varicus motional scales with regard to time and space
resulting from its high degree of intramolecular freedom.
Becausc this chain dynamics governs a variety of prop-
crites of polymers, extensive experimental and theoreti-
cal efforts have been made 1o understand the polymer
chain dynamics.!”2! For the local motion, which is
fairly a fundamental process in chain dynamics, many
experimental methods have been utilized, e.g., NMR,* 7
ESR.® diclectric relaxation,”™'" dynamic light scatier-
ing,'*!'? neutron scattering,’* and fluorescence depolar-
ization.!®~2! The fluorescence depolarization method
provides direct information about the local motion of
polymer chains through a fluorescent probe that is
covalently bonded to the polymer main chain. By using
this method, we have examined the influence of molecu-
lar structure,!®'? stereoregularity,'” and quality of sol-
vent'®'® on the chain dynamics of a variety of polymers.

The local chain dynamics in dilute solution is in-
fluenced by the molecular weight of the polymer in
addttion to those lactors mentioned above. Concerning
the fluorescence depolarization study, Waldow er al.
have examined the molecular weight effect on poly-
isoprene (PT) chain dynamics and concluded that the
chain dynumics is governed by the segment density in
the vicinity of the fluorescent probe labeled in the
middle of the main chain.?’ Previously, we reported
the molecular weight effect for pely(methyl methacrylate)
samples and explained the behavior of the local chain
dynamics by the segment density as well,'® We also have
reported the local chain dynamics ol poly(oxyethylene)
(POE) in good solvents and discussed the molecular
weight effect.2?

The static and dynamic properties of polystyrene {PS),
a common polymer, have been widely studied, 891817
We have reported the effects ol the solvent quality on
the local dynamics of PS'” and discassed the difference
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of the chain mobility for styrene derivative polymers.'®
From the standpoint of the molecular structure, it is
inleresting to compare the molecular weight effect of PS
with that of POE, which is dynamically more flexible
than PS.?Y

Monneric ef al. studied the molecular weight effect of
P8 on the local mation by NMR,® and concluded that
the effect of the overall rotational difTusion is negligible
on the spin-spin relaxation time of the local motion in
a high molecular weight region and that the correlation
time remains constant in MW > 10*. Prior to Monnerie’s
work, similar findings have been reported by Allerhand
and Hailstone,” Stockmayer and Matsuo,” and Bullock
et al.® They all concluded that at high molecular weights
the relaxation time of local motion is independent of
chain length, while as the molecular weight decreases the
end-over-end rotation contributes to the relaxation
process,

In the present study, we examined the local motion of
four PS samples in dilute solution by the fluorescence
depolarization method. PS samples were labeled in the
middle of the main chain with the anthryl group. We
examined the molecular weight cffect on the chain dy-
namics of PS in two solvents, and also compared the
molecular weight cfTect lor PS with that for POE.

EXPERIMLENTAL

Sample Preparation

Anthryl group-labeled PS samples used in this study
were synthesized by the living anionic polymerization in
vacue initiated by butyllithium, in which the living ends
were coupled with 9,10-bis{bromomethyl}anthracene.
The polymerization was carried out at 40°C (except
cP592} in benzene, which was dried over sodium. Styrene
monemer (Nacalai Tesque) was dried over fresh calcium
hydride after distillation. The coupling reaction was
carried out at ca. 5°C. The coupler, 9,10-bis(bromo-
methyl)anthracene, was dissolved in dried tetrahydro-
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Figure 1. Molecular structure of the PS sample labeled with anthryl
group in the middle of the main chain.

Table 1. Characterization of polystyrene
samples nsed in this study

M, %107

Sample M, x 1074 MM,
cP392 9.7 9.2 1.05
cPS69 7.2 6.9 [.04
cPS13 1.39 1.31 1.06
cP36 0.72 (.64 1.13

furan before use. Further details of procedure appear
elsewhere.?? The product polymer was purified by
reprecipitation from benzene in methanol. The in-
completely coupled [raction was removed from the
original sample by GPC. The weight-average molecular
weight M, and the number-averaged molccular weight
M, of fractionated P8 were determined by GPC. Figure
I and Table T show the molecular structure and the
characterization of PS samples, respectively. cPS92 was
the same sample used in previous studies.'®*? The
molecular weight distribution of all the samples was suffi-
ciently narrow.

Solvents used in measurements were benzenc (Dojin,
spectrophotometric grade) and cthyl accltate (Naculai
Tesque, spectrosol). Both were used without further
purification. The quality of these solvents for PS was
obtained by the intrinsic viscosity measurcment.'” Ben-
ZCNe (o‘c;?=1‘66) was a better solvent than ethyl acetate
(-a‘cf;:l.lZ_]. In preparing the sample solutions, each
polymer concentration was kept less than 10~ * M. Each
solution was put into a quarlz cell and degassed.

Anisotropy Decay Measurement

The measurement of time-resolved anisotropy decay
was carried out by the single photon counting system.??
The second harmonic of Ti:sapphire laser (Spectra-
Physics Tsunami} was used at a wavelength of 397 nm
as a light source and 4 MHz pulse was picked up by
a pulse sclector {Spectra-Physics Model 3980). The
excitation light was vertically polarized, and the flu-
orescence components parallel and perpendicular to
the plane of the excitation light were measured by a
microchannel plate-photomultiplier tube (MCP-PMT)
(Hamamatsu Photonics R3809) through cutoff filters
V-42 and Y-44 (Hoya). The signal of MCP-PMT was
inputted to a time-to-amplitude converter (Ortec Model
457) as a start signal through a constant fraction
discriminator (Ortec Model 583). The stop signal was
the fundamental laser beam detected by a pholo-diode
{Antel Optronics AR-82). The time-resolved fluorescence
intensity was analyzed by a multichannel analyzer
(Norland Ino-Tech 5300), The TWHM of the total
instrumental function was ¢a. 60ps. The parallel com-
ponent, Iy (1), and the perpendicular component, I, (¢},
were measured alternatively to avoid data distoriions
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Figure 2. Molecular weight dependence of the reduced relaxation
time T/# for PS at 20°C: (@) in benzenc: () in cthyl acetate. Filled
diamond {#) represents the rotational relaxation time of DMA, the
probe molecule. The relaxation time reaches an asymptotic value at
MW =10%

due to the time drift. Anisotropy decay measurements

were carried out in the temperature range from ca. 10
to 30°C.

Data Analvsis
The fluorescence anisotropy ratio, r(¢). is defined as

Ht) = (Ly(1) - Gly()) /(I (1) + 2G (1)) (1)

where G is the compensating factor. We estimated G to
be unity in this study. For discussion about the chain
mobility, we use the integrated relaxation time, 7,_, which
is defined as eq 2. T, represents the average value of the
relaxation times.

T, =" r r(1)dt (2)

]

where rg 1s the initial anisotropy ratio.

RESULTS AND DISCUSSION

Relaxation Time

Figure 2 shows the molecular weight dependence of
the reduced relaxation time T_/y for PS in benzene and
in ethyl acetate at 20°C. We used benzene as a good
solvent and ethyl acetate as a poor solvent in this study.
Note that the relaxation time T, was reduced by the
solvent viscosity » according to the theory of Kramers
diffusion limit. The selvent viscosity was estimated from
the values reported in the literature?®: 0.65 ¢P for benzene
and 0.45 cP for ethyl acetate at 20°C. The solvent viscosity
dependence of the relaxation time was discussed re-
peatedly in our previous studics.2%2¢ 732 Consequently,
we know that the relaxation time for the local motion
of PS labeled in the middle of the main chain in a low
viscosity solvent below | ¢P is inversely proportional to
the solvent viscosity, i.e., the Kramers’ theory holds. The
formulation of Kramers™ theory is given in the following
subsection. The filled diamond in Tiigure 2 indicates the
reduced rotalional relaxation time of the model com-
pound, 9,10-dimethylanthracene (DMA), in benzene
at 20°C estimated by the steady-state measurement. The
rotational relaxation time for DMA can be regarded as
the limiting value of low molecular weight PS8, Figure 2

173



I, HoRINAKA &7 .

shows that T,/ in each solvent increases with molecular
weight and reaches an asymptotic value at about MW
of 10*. This indicates that the local motion, which con-
tributes to the Muorescence depolarization, occurs within
the scale of MW =10*. In other words, the local motion
for PS of a higher molecular weight is independent of
the entire rotational motion.

Waldow et al. showed (hat the relaxation time for the
local motion of the chain center of PI docs nol change
with molecular weight in a good solvent. whereas the
relaxation time increases with molecular weight in a &
solvent.?! They explained these observations by the local
segment concentration about the labeled segment. That
is, lhe molecular weight independence of the relaxation
lime in a good solvent is due to the excluded-velume
effect, which tends to keep segments which arc far apart
along the chain contour far separated in spucc, Ina @
solvent, where the excluded-volume cffcel 1s almost
canceled, the local concentration increases with mo-
lecular weight. In the case of POE, the result that the
relaxation time in a good solvent was kepl constant
against molecular weight in a high molecular weight
region was similarly cxplained by the excluded-volume
effect.? However in this study, the relaxation time in
ethyl acetate (poor solvent) was almost constant against
molecular weight as in benzene (good solvent) in a wide
range of high melecular weight, i.e., the values of T,./y
near MW = 10% are almost equal to that for ¢PS13. Fthyl
acelate 18 a poor solvent, and the coil expansion due to
excluded-volume effect for high molecular weight PS is
considered to be rather weak. Then the segment density
of each molccular weight sample would be different, but
this is not the case.

Abe ¢r af. have studied the excluded-velumc cffects on
the mean-square radius of gyration {S?> and on the
intrinsic viscosily [#] of oligo- and polystyrenes in di-
lute solutions.2:2*2* The values of ¢S$2> and [#] for
atactic-PS (a-PS) in toluene at 15°C were compared with
those in cyclohexane at 34.5°C (@) in the range of M,
from 5.78 x 10% (0 3.84 x 10%. They used the oligomer
samples to realize an unperturbed state without intra-
molccular excluded-volume interaction even in a good
solvent. In practice, they chose the solvent (toluene)
and temperature (15°C} so that the unperturbed dimen-
sion of the PS chain in a good solvenl may coincide
with thatin the @ condition taken as a reference standard.
It was shown that, for the weight-average degree of
polymerization x,, <20, the data of both (5% and {#]
in toluene at 15°C are in good agreement with those in
cyclohexane at @ temperature. This agreement implies
that the dimensions and conformations of the a-PS chain
in the unperturbed state is considered the same under
the two solvent conditions. IFor large x,,, the data points
for the toluene solutions deviate progressively from those
for the cyclohexane solutions with increasing x,,. clcarly
due to the excluded-volume effect. Their data show that
the intramolecular interaction at M, =10% is sufficient-
ly larger than that at M_=10* which leads to the
difference in the segment density in the case of no or weak
excluded-volume effect. Consequently, the scgment den-
sity cannot explain the behavior of T,/ in this sludy,
because the relaxation time is alinost constant in the high
molecular weight region even in a poor solvent. Then,
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we will propose another reason. The local motion consists
of the conformalional transition over the potential
barricr and the librational motion within the potential
well.** Therefore, there is a possibility that the local
potential energy lor the conformational transition of the
main chain bond is affected by the solvent condition as
well as by the molecular structure of each segment. The
potential energy is a local factor compared with the
segment density, so that it has no relation with the
excluded-volume effect between the segments far apart.

Now let us discuss the difference in the asympiotic
value of T,,/n and in the critical molecular weight between
two sobvents: good and poor solvents, We sce from Figure
2 that the value of T /n for ethyl acetate solution is larger
than that for benzene selution at each molecular weight.
Figure 2 also shows that the critical molecular weight,
M., at which T, /i reaches its asymptotic value, is
slightly larger in ethyl acetate. As mentioned above, it is
considered that the difference between two solvents
comes from the difference in the potential energy for the
local conformational transition due to the degree of chain
expansion with the solvent quality. Tt is noteworthy that
the difference in T,/n is observed even for low molecular
weight PS samples, cPS13 and cPS7. Abe er af. showed
that the difference between the values of (8% or [#] in
the two solvents is almost negligible below x,, of 102
(M, =10*). So PS of MW = 10* can be considerced ncarly
an unperturbed chain that is little influenced by the
excluded-volume effect. The fact that the difference in
T../n between solvents was observed cven [or nearly an
unperturbed chain supports the proposition that the
polential energy is the main governing factor of the local
motion. The local potential energy is considered
to affect the local motion even in the low molecular
weight region. Although the relation belween local po-
tential energy and solvent condition is unclear, we as-
sume that the peorer the solvent condition the higher
the potential energy. The studies on the local motion
of oligo- and polystyrene chain ends which supports
this explanation more definitely will be reported sep-
arately.®?

The objection may be raised that our scheme supposing
the difference in the potential cnergy between two
solvents, in benzene and in ethyl acetate, 1s inconsistent
with Abe’s findings that the dimensions and conforma-
tions may be the same under the two solvent conditions
in x,<20. This can be explained by the facl thal the
unperturbed chain dimension is not indcpendent of
solvent and temperature. That is, in our case, it is possible
that the chain dimension is slightly different between the
two solvents. Therefore, the difference in the value of the
relaxation time and in its molccular weight dependence
may be due Lo the difference in the local potential energy
for the conformational transition of the main chain bond.
In addition, the dynamic properties are infltuenced by
both the value of energy potential minimum and the
energy barrier height, while the static properties are
influenced by the former.

W have some comments on previous works. Our
suggestion in this study does not intend to denyv the
concepl of the segment density proposed by Waldow et
al.?! In our previous study, it was shown that PI is
dynamically more flexible than PS.'” Therefore, the
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Figure 3. In{¥, /) vs. 1;T plot according Lo the theory of Kramers
diffusion limit. T was measured (a) in benzenc, and (b)in cthyl acetule:
(@) cPS92, (D) cPS6Y; (C1) cPSI3: (&) cPSE.

excluded-volume effect for P1 may be more effective than
that for PS and the local motion is mainly determined
by the segment density in the high molecular weight
region.

Activation Encrgy

Next, we estimated the activation energy of the local
motion according to the theory of Kramers' diffusion
limit as follows.! Here the formulation of Kramers’
theory is given. The velocity coefficient, &, of a particle
with a frictional coefficient, {, passing over an energy
barrier of the height E is represented as

kol ‘exp(—E{RT), (3)

where R is the gas constant and T is absolute temperature.
The fact that 7, is proportional to the reciprocal of &
and the solvent viscosity, #, is proportional to ¢,
according to Stokes’ law, leads to

Tm.-'lln =A exp(E*_,-’lR TJ . (4)

Figurc 3 shows a tempcerature dependence ol T, for PS,
(a) in benzene, and (b) in ethyl acetate solvents. The
relaxation time T,/%, which was reduced by the
solvent viscosity, , was plotted according to the theory
of Kramers’ diffusion limit so that the activation ener-
gies could be estimated from the slope of the plot in
Figure 3.
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Figure 4, Molecular weight dependence of the activation cnergy £*
for PS estimated from the slope of the Arrhenius plot in Figure 3(a)
and {(b): (@) in benzene: ({2) in ethyl acetate.
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Figure 5. Relationship between the reduced relaxation time T,/ and
the number of bonds for PS in benzene (@) 1t 20°C and POE in DMF
() at 13°C. The critical points, N, for PS and POFE are about 200
and 70, respectively.

Figure 4 shows the relationship between the molecular
weight and the estimalted activation energy in benzene.
The activation energy as well as the relaxation time tends
to increase with molecular weight and to become constant
at MW =10% The fact that the activalion energy is
constant in the high molecular weight region indicates
that the mode of local motion is the same in the region.
Figure 4 alsc shows that the activation energy in ethyl
acctate is larger than that in benzene. This is due to
the difference in the energy potential for the confor-
mational transition,

Chain Length of Cooperative Motion

Finally, we compare the molecular weight effect on
the local motion of PS with that of POE2? and discuss
the critical number of bonds, N_. at which the relaxa-
tion time becomes constant. It is considered that the
cooperative local motion of polymer chain operates up
to this critical number of bonds and this valuc may
indicate a kind of dynamic chain stiffness. Figure 5 shows
the plots of T/ vs. number of bonds for both PS at
20°C and POE at 13°C in each good solvent. It shows
that the value of reduced relaxation time for PS is larger
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than that for POE. For PS, this is due to the large
substituent attached to the main chain, the phenyl
ring.2® Here, we compared N, between PS and POE, We
estimated &, for POE to be ca. 70, while for PS, N, is
200, That is, PS is dynamically stiffer thun POFE. The
chain length of cooperative motion reflects the molecular
structure of the monomer unit and closely correlates with
the absolute value of the relaxation timc ahove V.

CONCLUSION

The molecular weight effect on the local motion of PS
labeled in the middle of the main chain in dilute solution
was studied by the fluorescence depolarization meth-
od. Four samples in the molecular weight from ca. 6.4 x
10° to 9.2 x10* were synthesized by living anionic
polymerization. Benzene was used as a good solvent,
while ethyl acetate was uscd as a poor solvent. The
relaxation lime as well as the activation energy increased
with molecular weight up to MW of 10* and reached an
asymptotic value in both solvents. The critical molecular
weight, M_, corrcsponds to the largest size umit in the
local motion measured by the fluorescence depolariza-
tion method. The difference in the relaxation time and
molecular weight dependence between two solutions may
result from the local potential for the conformational
transition of main chain bond, rather than the segment
density. The critical chain length of the local motion,
which indicates a kind of the dynamic chain stiffness, of
PS is larger than that of POE.
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